Table 1 Calculated Helmholtz free energy of the b.c.c. and h.c.p. phases of Fe

Volume (As) Temperature (K) Fpce (V) Frcp. (€Y) AFpccncp. (MEV)
9.0 3,500 —10.063 -10.109 46
8.5 3,500 —9.738 —9.796 58
7.8 5,000 -10.512 -10.562 50
7.2 6,000 -10.633 —10.668 35
6.9 6,500 —10.545 —10.582 37
6.7 6,700 -10.288 —10.321 33
7.2 3,000 - 7.757 - 7.932 175

Shown is the ab initio Helmholtz free energy per atom of the b.c.c. and h.c.p. phases of Fe, F, ¢ ¢
and Fcp., at state points along (*and below) the calculated melting curve®. In this work, the
reference system is a simple inverse power potential which takes the form U = 4&(I'/r)* where
e=1eV, I'=1.77A, « = 5.86. We have previously shown that this reference potential, based on
only a repulsive term, describes the ab initio system extremely well; the bonding term is almost
independent of the atomic positions, depending only on the volume and temperature of the
system?'*. We stress, however, that the final result is totally independent of the choice of
reference system. We performed these calculations on a 64-atom supercell (4 X 4 X 4 primitive
cells) with a 3 x 3 X 3 k-point grid. Considerable effort was spent on convergence tests in k-
point sampling to reduce the error in free energies to <10meV per atom. Cell size effects have
been extensively studied in our previous work on h.c.p.-Fe?'.

known not to be made of pure Fe, but is expected to be alloyed with
between 5 to 10 mol.% of a lighter element. It is now reasonably well
established that either separately or together S and Si are two of the
most probable light elements alloyed with Fe in the core*’.
Additionally, recent experiments® have shown that at high press-
ures FeSi crystallizes with the CsCl-structure (that is, has identical
atomic coordinates to b.c.c.-Fe), and at lower concentrations Si
stabilizes b.c.c.-Fe under pressure and temperature conditions at
which pure Fe is found with the h.c.p. structure*. We therefore
investigated the energetic effect of the substitution of S and Si in
b.c.c. and h.c.p.-Fe at representative core cell volumes (7.2 A%). We
find that the enthalpies of the S and Si defects are respectively 1.4
and 1.2 eV per defect atom more stable in the b.c.c. structure than in
the h.c.p. phase. Therefore, for example, a 5 mol.% concentration of
Siin Fe, would stabilize the b.c.c. phase by 60 meV. Thus, in contrast
with lower-pressure experiments®®, we conclude that the presence of
S or Si as the light impurity element in the core, at appropriate
concentrations, could favour the formation of a b.c.c.- rather than
an h.c.p.-structured Fe alloy phase at temperatures just below T}, at
inner core pressure.

In contrast to earlier work, we have shown that a b.c.c.-structured
phase is entropically stabilized under inner core conditions, and is
made more stable than the h.c.p.-phase by impurities in the inner
core. This means that a b.c.c.-structured alloy is a strong candidate
for explaining the recently observed®™ seismic complexity of the
inner core. g
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Data from the survivors of the atomic bombs serve as the major
basis for risk calculations of radiation-induced cancer in
humans'. A controversy has existed for almost two decades,
however, concerning the possibility that neutron doses in Hir-
oshima may have been much larger than estimated. This con-
troversy was based on measurements of radioisotopes activated
by thermal neutrons that suggested much higher fluences at
larger distances than expected®®. For fast neutrons, which con-
tributed almost all the neutron dose, clear measurement vali-
dation has so far proved impossible at the large distances (900 to
1,500 m) most relevant to survivor locations®. Here, the first
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results are reported for the detection of **Ni produced predomi-
nantly by fast neutrons (above about 1 MeV) in copper samples
from Hiroshima. This breakthrough was made possible by the
development of chemical extraction methods”® and major
improvements in the sensitivity of accelerator mass spectrometry
for detection of **Ni atoms (refs 8—11). When results are com-
pared with ®*Ni activation predicted by neutron doses for
Hiroshima survivors®, good agreement is observed at the dis-
tances most relevant to survivor data. These findings provide, for
the first time, clear measurement validation of the neutron doses
to survivors in Hiroshima.

It was recognized in the final report of the 1986 reassessment of
the atomic bomb radiation dosimetry for Hiroshima and Nagasaki
(DS86)¢ that the calculated neutron doses for survivors could
possibly be wrong. The principal reasons for this concern were:
(1) the observation that a large discrepancy was suggested between
the available ®’Co activation measured in Hiroshima'? and calcu-
lations based on DS86 and (2) the paucity of neutron validation
measurements available at that time, preventing adequate resolu-
tion of this matter. It was concluded that the neutron doses are in
doubt until further work is done and that special efforts should be
made to provide additional neutron measurements®. This generated
extensive interest and resulted in a large number of low-energy
(thermal) neutron activation measurements in Hiroshima®>'*"'®
and to a lesser extent in Nagasaki'®. See the review of ref. 20 for a
more complete list of thermal neutron references. Even with the
additional thermal neutron measurements, a definitive determi-
nation of the neutron dose has not been possible because of factors
such as uncertainties in the measured background and uncertainties
in the relationships between thermal neutrons and neutron dose. In
contrast, fast neutrons produced essentially all of the neutron dose
in Hiroshima and are much less dependent on sample environment.
Although fast neutron measurements (above about 2 MeV) were
made in Hiroshima within weeks of the bombings by beta-ray
counting of the radioisotope **P (half-life, 14.2 days) in sulphur
samples®' %, the results reached background levels” at about 700 m
from the hypocentre (the point on the ground below the explosion).
Hence, they could not be used for direct validation of fast neutrons
at the larger distances most relevant for the data on atomic-bomb
survivors. For these reasons, it is clear that fast-neutron activation
measurements at relevant distances in Hiroshima would be indis-
pensable for validation of the neutron doses received by atomic-
bomb survivors.

We have developed the capability to detect trace amounts of

“Ni (half-life, 100.1 = 2.0yr*) in copper using accelerator mass
spectrometry (AMS)’'">% The amount of ®’Ni produced via
the reaction *“*Cu(n,p)®Ni in copper samples exposed to atomic-
bomb neutrons is a measure of the fast-neutron fluence***’. On the
basis of the available cross-sections, 95% of the activation from this
reaction was by neutrons above 1.5 MeV in Hiroshima. Quantitative
extraction of 100 to 400 pg nickel, containing only a few million
atoms of *’Ni, was required from gram-sized copper samples. Stable
93Cu (69% natural abundance) is an isobar to ®*Ni and causes severe
interference in the mass spectrometric measurements. For example,
Hiroshima samples beyond 1,000m from the hypocentre were
expected to contain 18 orders of magnitude more *>Cu than **Ni.
Thus, the nickel had to be chemically separated from copper before
AMS analysis could take place. Methods were developed consisting
of electrochemical separation to remove the gross copper material
followed by a procedure in which the nickel reacted with carbon
monoxide to form nickel tetracarbonyl, a volatile compound which
could be thermally decomposed to nickel metal directly in the AMS
sample holder. Both of these processes are highly specific to nickel.
Details of the methods are given elsewhere”®. Two laboratories were
involved in the AMS measurements. At the Livermore facility,
ONi'®* jons were accelerated to 99 MeV and counted in a four-
anode gas ionization detector; the overall system had a typical
rejection factor of 5 X 10° for ®*Cu. At the Munich tandem labora-
tory, ®*Ni'?* ions were accelerated to 175 MeV. At this energy, a
gas-filled magnet could be used to separate the isobars further. The
use of a gas-filled magnet in combination with a position- and
angle-sensitive multi-anode gas ionization detector resulted in a
%3Cu rejection factor of 10°. The achievement of this high rejection
factor for “*Cu allowed measurements of distant samples and also of
close samples high in stable nickel. Both systems have been
described in more detail previously®'.

Suitable copper samples had to have: (1) a known location at
the time of the bombing, (2) been in line-of-sight of the explosion
with no or minimal intervening shielding, (3) been located at
distances most relevant to the atomic-bomb survivor health studies,
and (4) be low in stable nickel to keep the competing production
from the thermal ®*Ni(n,y)®*Ni reaction as low as possible and
thereby maximize the ®*Ni/Ni ratio. Bomb-exposed copper samples
have been collected from seven distances in Hiroshima ranging from
380 m to more than 5,000 m from the hypocentre. Each of these
samples has been measured two or more times. The samples from
380 to 1,461 m provide direct information on the fast-neutron
fluences while the samples from 1,880 and 5,062 m determine the

Table 1 ®®Ni activation in copper samples in Hiroshima

53Ni per g Cu 53Ni per g Cu 53Ni per g Cu
Sample location Number of measured measured-backgroundt calculatedt
(distance from hypocentre) Description of samples measurements (x 107 (x 109 (x 107
Bank of Japan (380 m) Lightning conductor, 3 400 + 40 580 + 50 904
unshielded
Soy Sauce Brewery (949 m) Lightning conductor, 2 44 =14 54 + 20 50
inside an iron pipe
(0.35cm Fe shielding)
City Hall (1,014 m) Lightning conductor, 6 26.5 +2.7 28+5 30
inside an iron pipe
(0.40cm Fe shielding)
Elementary school (1,301 m) Rain gutter, unshielded 3 11.0+x1.4 5.4 (+4.1,-3.4) 5.6
Radioisotope building (1,461 m) Rain gutter, unshielded 3 10.83+1.7 4.5 (+4.5,-3.8) 3.0
Sumitomo Bank§ (1,880 m) Rain gutter, unshielded 2 7.3 (+2.6,—-2.1)
Kusatsu Hachiman Shrine§ (5,062 m) Copper roof, unshielded 2 7 (+8,-5)

Results of measured and calculated (DS86) ®*Ni activation (given numbers are rounded). The hypocentre is the location on the ground directly under the bomb explosion. According to DS86, the Hiroshima
bomb was exploded at 580 m above the hypocentre. Each sample was measured two or more times. The City Hall sample was measured using both the LLNL and the Munich AMS facility. The others were

measured using the Munich facility only.
*Uncertainties correspond to 68% confidence intervals for Poisson-distributed data®.

1A background of 7.3 x 10* ®*Ni per g Cu was subtracted from the measured values and the results corrected for decay since 1945.
1+Ni per g Cu calculated to have been produced in each sample by Hiroshima bomb neutrons based on the DS86 neutron output and energy spectrum, including both 83Cu(n,p)®*Ni and 52Ni(n,y)53Ni

reactions.

§The weighted average of these two large-distance samples was used for background subtraction.
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®*Ni content in copper samples not exposed significantly to bomb
neutrons.

The calculations of the activation of “*Ni in copper samples were
based on the DS86° neutron output (angle and spectrum) and the
DS86 aboveground fluences. The in situ sample calculations were
performed using a Monte Carlo adjoint shielding code®. The
calculations derived the number of ®*Ni atoms created in the copper
sample by: (1) transporting local DS86 above ground fluences in
air, sample, and surrounding materials taking into account scatter-
ing and absorption, and (2) taking into account the energy-
dependence of the cross-sections® for the two relevant reactions,
that is, 63Cu(n,p)63Ni (fast neutrons) and 62Ni(n,'y)63Ni (thermal
neutrons). The fraction of ®*Ni produced by thermal neutrons in
the copper samples was calculated to be 24% (380m), 5.7%
(949 m), 0.2% (1,014m), 0.3% (1,301 m), and 0.1% (1,461 m),
respectively.

The description of the Hiroshima copper samples and the
measurement and calculation results are listed in Table 1. The
measured results are expressed as mean “’Ni atoms per g Cu values
with uncertainties corresponding to 68% confidence intervals. The
statistical uncertainty was obtained using a well-established pro-
cedure for Poisson-distributed data®® (which was the case here for
the AMS measurements) and was propagated from the uncertainties
associated with the measured *’Ni/Ni ratios, the measured mass of
the Cu samples, the measured total Ni concentrations of the copper
samples, and the measured background of ®*Ni atoms per g Cu in
unexposed copper samples. As these are taken to be independent
variables, the uncertainties were propagated in quadrature. The
results show a consistent set of measurements with the *’Ni atoms
per g Cu values decreasing sharply with increasing distance from the
bomb explosion and approaching a constant background beyond
about 1,800 m (Table 1). The constant background beyond about
1,800 m appears to originate from a combination of in situ pro-
duction of ®*Ni due to cosmic rays, sample processing, and AMS
measurement. The next-to-last column lists the measured ®’Ni
atoms per g Cu ratios after subtracting a background value of 7.3
(+2.4,—1.9) X 10* atoms of **Ni per g Cu and correction for
radioactive decay since 1945. Correction for radioactive decay of
*Ni was done to provide comparisons with calculations at the time
of bombing. Listed in the last column are the results from the
sample-specific DS86 calculations at the time of bombing.
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Figure 1 Measured and calculated ®Ni produced in copper samples by the bomb
neutrons in Hiroshima. The measured bomb-induced activation (solid circles) was
obtained by first subtracting the background of 7.3 x 10* atoms ®Ni per g Cu from the
total measured values and then correcting for the radioactive decay of 5Ni (half-life,
100.1 = 2.0yr) since 1945. The measurements are compared with results from
sample-specific computer modelling calculations based on the DS86 dosimetry system
(open squares).
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These data and the results of the calculations are plotted in Fig. 1.
They demonstrate that our “’Ni measurements are in good agree-
ment with those predicted from DS86 at distances between 900 and
1,500 m. This is particularly significant because that is the range of
distances that dominate the atomic-bomb-survivor data and hence
the radiation risk estimates for human cancer. The measurement at
380 m is somewhat below the DS86 calculation, suggesting that
some downward revision in the DS86 neutron doses should be
considered at distances closer to the hypocentre. The result for ®*Ni
at 380 m has been compared with the results available for **P at
similar distances. Six **P measurements at distances ranging from
331 to 433 m were obtained from an evaluation of the **P data
in Hiroshima®. Expressing these measurements as measured-to-
calculated ratios, that is, (measured *2P)/(calculated **P) based on
DS86, results in a mean for the six **P measurements of 0.75 with a
standard deviation of 0.12. This is compared with our ®*Ni
measurement at 380 m, which has a measured-to-calculated ratio
of 0.64 = 0.06. From this comparison it is observed that the fast
neutron measurements at about 400 m from the hypocentre are in
reasonable agreement with each other and both sets of measure-
ments are lower than DS86. These results may be consistent with a
slightly underestimated height-of-burst for the Hiroshima bomb.

In conclusion, good agreement of our experimental results for
fast-neutron fluences with DS86 calculations is observed at the most
important distances between 900 and 1,500 m. Given the close
correlation between fast-neutron fluence and neutron dose, it is
inferred from these results that neutron dose discrepancies, if there
are any, should also be small at these distances. Taken together with
previous findings that the gamma rays were adequately validated in
Hiroshima and Nagasaki using thermoluminescence dosimetry
(TLD)® and that the neutrons appear to be consistent with DS86
in Nagasaki'®, these results provide a strong measurement basis for
the Hiroshima dosimetry and suggest that any future revisions in
the doses for atomic-bomb survivors should be minor. O
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Niche conservatism—the tendency for closely related species to
be ecologically similar—is widespread'—. However, most studies
compare closely related taxa that occur in allopatry®; in sympatry,
the stabilizing forces that promote niche conservatism*®, and
thus inhibit niche shifts, may be countered by natural selection
favouring ecological divergence to minimize the intensity of
interspecific interactions®’. Consequently, the relative import-
ance of niche conservatism versus niche divergence in determin-
ing community structure has received little attention’. Here, we
examine a tropical lizard community in which species have along
evolutionary history of ecological interaction. We find that
evolutionary divergence overcomes niche conservatism: closely
related species are no more ecologically similar than expected by
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random divergence and some distantly related species are ecolo-
gically similar, leading to a community in which the relationship
between ecological similarity and phylogenetic relatedness is
very weak. Despite this lack of niche conservatism, the ecological
structuring of the community has a phylogenetic component:
niche complementarity only occurs among distantly related
species, which suggests that the strength of ecological inter-
actions among species may be related to phylogeny, but it is
not necessarily the most closely related species that interact most
strongly.

Anolis lizards are a dominant component of Caribbean ecosys-
tems (reviewed in refs 8 and 9) and are well suited for studies of the
evolution of community structure because the species on individual
islands have a long history of interaction and coevolution. For
example, 55 of 58 species on Cuba are endemic (the remaining three
have colonized other Caribbean islands from Cuba), and most are
members of large clades that have diversified on Cuba'’. Species on
many islands attain extremely high densities'"'>, and many species—
differing in ecology, morphology, and behaviour—coexist locally®.
Interactions among sympatric species can be strong®”'>'*, usually as
aresult of interspecific competition, although intra-guild predation
may sometimes be important'.

We studied the community structure of anoles at Soroa, Bio-
sphere Preserve Sierra del Rosario, in the Pinar del Rio province of
western Cuba. Eleven anole species occur sympatrically at Soroa, the
highest anole diversity known from any island or continental site.
Of these species, ten are either widely distributed in Cuba or are
members of island-wide clades of ecologically similar species (for
example, the Anolis equestris group, to which A. luteogularis belongs,
occurs throughout Cuba and is composed of six primarily allopatric
species similar in morphology and ecology). Because the clades of
Cuban anoles to which the Soroa species belong are widespread and
arose within a relatively short period in the distant past'® (Fig. 1),
the sympatric clades at Soroa have probably coexisted for a long
time and over a large spatial scale. Thus, these Anolis species
probably evolved in the presence of the same clades with which
they currently coexist, a necessary prerequisite for community
coevolution.

We examined ecological relationships among these species to
investigate whether the community exhibited nonrandom ecologi-
cal or phylogenetic structure. We measured ecological variables
relevant to the three resource axes that sympatric Anolis generally
partition: structural habitat, thermal habitat, and prey size'®. Prin-
cipal components analysis reveals three significant axes of ecological
differentiation (Table 1; results below are qualitatively unchanged if
another, nearly significant, axis is also retained). Examination of the
position of species in multivariate ecological space reveals both that
niche use has not been conserved and that the community is
nonrandomly structured (Fig. 2).

The minimal extent of niche conservatism is indicated by the
weak association between phylogenetic relationship and position in
multivariate ecological space: phylogenetic similarity explains less
than 4% of the variation in ecological similarity among species
(Mantel test, P = 0.11-0.30 depending on phylogenetic topology
and mode of character evolution used in the analysis; all variables
but one exhibit similarly low correlations with phylogenetic
relationships (Table 1); P-values in Mantel tests based on 5,000
simulations). The molecular data strongly reject alternative phylo-
genetic topologies in which ecologically similar species are grouped
phylogenetically (see Supplementary Information).

Although some closely related species differ little ecologically,
many distantly related species are just as ecologically similar, and
some closely related species are ecologically dissimilar (Fig. 2).
Moreover, although members of the sagrei and porcatus clades
form clusters in ecological space (Fig. 2; multivariate analysis of
variance, MANOVA, Wilks' A\ = 0.013, F 5, = 3.79, P = 0.018),
they are no more ecologically similar than would be expected for
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